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YANODINE is a complex water-soluble alkaloid which first evoked interest as the substance responsible for the insecticidal properties of extracts from the plant Byania speciosa. 1 It was subsequently found to be toxic for mammalian species, causing contracture of skeletal muscle 2 and diminished contractility of cardiac muscle. 3 " 5 This report is concerned with (1) the effect of ryanodine on contractility of isolated rat ventricle, (2) the opposing actions of ryanodine and digitalis observed on cardiac muscle in vitro, and (3) the efficacy of ryanodine in reversing digitalis-induced ventricular arrhythmias in the intact animal.
Methods
Cardiac muscle for in vitro experiments was a triangular piece of the free wall of the right ventricle, dissected from hearts of 80-to 90-Gm. rats within a period of two minutes. The muscle was mounted in a hath containing Krchs' bicarbonate solution 6 at 25 C, with jets of a 95 per cent oxygen-5 per cent carbon dioxide gas mixture directed at both surfaces. Spontaneous contractions were soiiietimes observed in the fresh preparation, but generally the muscle was quiescent. The muscle could be stimulated electrically at any desired frequency, and isometric twitch tension was recorded.
The effects of ryanodine on the electrocardiogram were studied in anesthetized eats and dogs. The cats were anesthetized with ether, the dogs with intravenous pentobarbital (initial dose 30 mg./Kg.). Solutions of the drugs were infused intravenously.* f Limb lead electrocardiograms From the National Heart Institute, National Institutes of Health, Bethesda, Maryland.
Received for publication June 27, 1961. *The strophanthidin and digitoxin used were products of the Mann Eesearch Laboratories, New York, New York.
tThe ryanodine, lot number L-501708-0-3, was kindly supplied by Dr. Edward F. Rogers, Merck Sharp & Dohme, Rahway, New Jersey.
were taken with either a Sanborn Visoeardiette or Polyviso model 250. Stock solutions of the drugs were prepared in absolute ethanol, aliquots of which were measured out and evaporated to dryness for use in the in vitro experimental solutions. Dried ryanodine was dissolved directly in aqueous solutions; strophanthidin was dissolved in a drop of propylene glyeol, and Krebs' bicarbonate solution was then added, the final concentration of propylene glyeol being about 0.5 per cent. For in vivo experiments, the ethanol stock solution was added directly to a 1 per cent sodium chloride infusion solution, the final ethanol concentration not exceeding 1 per cent. Clinical preparations of atropine sulfate, in a dosage of 10 to 20 fig./ Since the twitch tension of rat heart muscle varies with frequency, the relationship between these variables was studied initially in the absence of drug. The muscle was stimulated at a basal frequency of 1/min., and then the response to higher rates was explored by stimulating the heart at an increased frequency, just long enough for the twitch tension to reach a new steady state (30 to 90 seconds). The muscle was allowed to recover at the basal rate between each high-frequency run. A typical result for a freshly prepared rat right ventricular strip is shown in the upper curve of figure 1. In this figure, the stimulation frequency is plotted on the abscissa as the length of the interval between successive stimuli, and the steady state twitch tension characteristic for each frequency is plotted on the ordinate. The curve shown in the figure is typical of the data obtained, but significant deviations from the general shape of this curve may occur unless precautions are taken to assure that the oxygen requirements of the tissue do not greatly exceed the available supply which must diffuse into the tissue from the surrounding medium. Therefore, only the thinnest ventricular tissue was used (by obtaining specimens from young rats), temperature was maintained at 25 C, stimulation at high frequencies was limited to less than 90 seconds, and jets of finely divided bubbles of gas mixture were directed • at both tissue surfaces.
The sensitivity of this preparation to H modest decrease in the oxygen tension of the fluid layer adjacent to the tissue surface was appreciated in preliminary experiments in which vigorously oxygenated Krebs'' bicarbonate solution flowed past the tissue without direct bubbling. A flow of 8 to 10 ml. per minute through a bath of only 0.3-ml. capacity was required, and any decrease in flow below these rates was associated with the gradual development of eontracture.
The lower curve in figure 1 is typical of the relationship between twitch tension and stimulation rate that obtains after the isolated tissue has been washed in Krebs' bicarbonate solution for a period of three to five hours. Tn these experiments, the bathing solution was changed approximately every 15 minutes, and the tissue was stimulated at 60-second intervals except during frequencytension testing periods. Although the rat heart after hours of perfusion becomes hypodynamic, it is noteworthy that the twitch tension at high stimulation frequencies is not different from the value obtained in the fresh preparation. The addition of digitalis to a long-perfused rat heart strip restores the tension-frequency relationship to normal so that the upper curve of figure 1 is again obtained.
If ryanodine is added to a freshly excised rat heart strip, the upper curve of figure 1 is converted within 15 minutes into a curve typical of the long-washed heart. At a final concentration of 0.02 /ig./ml., ryanodine causes even greater depression of the lowfrequency end of the curve than is seen after prolonged perfusion. It is apparent that low concentrations of ryanodine are comparable to the effect of long washing, causing profound depression of twitch tension at low frequencies without affecting contractility at higher frequencies. Larger concentrations of ryanodine (0.5 /ig./ml.) not only depress lowfrequency twitch tension to the vanishing point, but also diminish contractility at high frequency to levels significantly below that of the control. These points fan be appreciated by referring to the samples of original tracing which are reproduced in figure 2. Tn figure 2A , the twitch tension characteristic of a one-second interval between stimuli for a freshly prepared piece of rat right ventricle is represented by the height of the solid black column in the central portion of the figure. The height of the following lines represents the twitch tension when the interval between stimuli is shifted to 60 seconds. The steady state tension at low frequency is achieved after a stepwise downward series of contractions and corresponds to the control low-frequency responses seen at the beginning of the tracing. (The normal contour of the twitch is compressed to a single line in these tracings because of the slow speed of the chart paper). the same heart after a three-hour perfusion. The height of the twitch at fast stimulation frequencies is comparable to that of the freshly prepared tissue, but the steady state twitch tension at the low stimulation frequency is considerably smaller. Figure 2C shows the effect of 50 /xg./ml. of strophanthidin on the washed rat heart. The cardiac aglycone has no effect on the twitch tension obtained at fast frequency, but restores the low-frequency twitch tension to values comparable to the control shown in figure 2A .
The first three tracings of figure 2 show that digitalis restores the contractility of a washed heart to normal. In contrast, the action of prolonged washing can be achieved within minutes by the addition of ryanodine to a fresh heart (compare figures 3D and 3E). It was, therefore, of interest to explore the possibility of an antagonism between digitalis and ryanodine. The results of a typical experiment are shown in figure 2D , which illustrates the effect of adding ryanodine to the digitalized heart strip of figure 2C . quency twitch tension is as unresponsive to the depressant effect of ryanodine as it was to the positive inotropic effect of strophanthidin shown in figure 2C . The addition of strophanthidin to achieve a final concentration of 100 fig./ml. in the tissue bath did not alter the tension-frequency relationship of figure 2D . Thus, ryanodine reverses the positive inotropic action of cardiac glycosides on isolated rat heart, and this effect cannot be altered by the addition of more glycoside. Furthermore, the cardiac glycosides have no effect on a fresh heart which has been pretreated with ryanodine.
In contrast to the glycosides, alterations in the ionic composition of the bathing medium can restore contractility of the ryanodinetreated rat ventricle. The essential feature of both the washed and the ryanodine-treated heart is the rapid decline of twitch tension which occurs on shifting from fast to slow stimulation. (Compare, for example, figures 3B and 3E with figures 3A and 3D). A decrease in the extracellular fluid concentration of either sodium or potassium leads to a reversal of the effect of washing or ryanodine. Thus, figures 3A and 3B demonstrate the decline in twitch tension at low fre- quencies which occurs on prolonged perfusion, and figure 3C shows the reversal which occurs when the tissue is immersed in a potassium-free medium. Figures 3D, 3E , and 3F show the corresponding experiment on a ryanodine-treated heart. The control tissue in normal Krebs' bicarbonate solution is shown in figure 3D , and in figure 3E is a tracing from the same heart after the addition of ryanodine. The tracing in figure 3F was taken from the same tissue in the presence of ryanodine after 120 mEq./L. of the sodium in the extracellular medium had been replaced by lithium and shows reversal of the ryanodine action. Replacement of 120 mEq./ L. of sodium by sucrose instead of lithium gave comparable results. Ryanodine action could also be reversed by a potassium-free Krebs' solution. Thus, the action of ryanodine on rat heart muscle can be reversed by lowering either the extracellular sodium or potassium, just as the diminished contractility of the long-washed heart can be improved by the elimination of either of these monovalent cations from the bathing medium.
Reversal of Digitalis-induced Ventricular Arrhythmias by Ryanodine
Because of the antagonism between digitalis and ryanodine on the contractility of cardiac tissue, experiments were undertaken to determine whether ryanodine could reverse the effects of glycosides on cardiac rhythm. This was an electrocardiographic study performed on intact animals (16 cats and 2 dogs), and the results reported here will be confined to abnormalities in rhythm.
In the first set of experiments, digitalis intoxication was induced by the intravenous infusion of digitoxin, after which the effect of ryanodine was studied. In six cats and one dog, the administration of digitoxin was followed by ventricular arrhythmias. When the arrhythmia was well established, ryanodine was infused intravenously in doses of 10 to 15 /xg./Kg. The drug was given over a period of approximately five minutes. In all instances, the irritable ventricular foci disappeared within a few minutes after the administration of the ryanodine. Representative results are shown in figures 4 and 5.
The tracings shown in figure 4 are lead II electrocardiograms from an anesthetized dog that received 0.86 rag. of digitoxin per Kg. intravenous^7 between the hours of 11:25 A.M. and 2:00 P.M. and an additional 1.0 mg./Kg. between 2:00 and 3:00 P.M. Figure  4C shows incomplete atrioventrieular (A-V) dissociation (atrial rate 160, ventricular rate 150). Between 3:08 and 3:12, 15 ^g./Kg. of ryanodine were given intravenously, and at 3:13 ( fig. 4D ) a sinus rhythm reappeared which persisted for two to three minutes without runs of A-V dissociation. Shortly thereafter, however, the sinus rhythm disappeared ( fig. 4E) , and atrial activity could not he seen on any of the standard leads. The QRS configuration suggested a complex nodal rhythm. The dog survived this combination of toxic drugs and on the next day exhibited a regular sinus rhythm.
The effects of digitalis and ryanodine on anesthetized cats are demonstrated in figure  5 . The cat from which the first tracings were made received 0.48 of the calculated fatal dose (0.33 mg./Kg. 7 ) of digitoxin intravenously between 12:38 and 2:02. Figure 5B shows a regular sinus rhythm with the S-T segment elevation that was frequently seen in association with digitalis administration in these animals. By 2:02, there was atrioventricular dissociation (atrial rate 150, ventricular rate 160) with probable complete block since no evidence of A-V conduction could be found in several feet of electrocardiogram tracings. Figure 5C is a representative section of lead III taken during this period, showing well-defined P waves without capture. Figure 5D shows the ventricular tachycardia which was recorded at 2:10 (ventricular rate 300). Ryanodine, 10.6 /ig./Kg., was infused intravenously between 2:05 and 2:12, and the ectopic ventricular focus disappeared at 2:11. This can be seen in figure 5E , in which the dominant rhythm is from a supraventricular focus independent of the P waves. Although the A-V conduction defect has persisted in the presence of ryanodine, the basic rhythm appears to be from a nodal focus (atrial rate 115, nodal rate 140). The next tracing ( fig. 5F ), taken at 3:22 after an additional 20 /ig./Kg. of ryanodine, shows a widened QRS that represents a nodal ectopic focus without P-wave activity evident. The nodal rate is 115. The last two tracings in figure 5 were taken from another digitalis-intoxicated cat. Figure 5G shows ventricular tachycardia (rate 240) with marked aberrant conduction. Shortly after the injection of ryanodine, the tracing o ! ' figure 5H was obtained, showing reversal of the ventricular tachycardia.
The action of ryanodine in the absence of digitoxin was observed in nine cats. It was noted in preliminary experiments that very large doses of ryanodine could be given intravenously without observable effect, providing the administration was at a slow rate. In contrast, a much smaller dose had an effec-t if it was given rapidly. This suggested that most of the drug is rapidly cleared from the circulation, and that a fraction of the total is picked up by cardiac tissue. An attempt was made in these experiments, therefore, to administer the drug at a constant rate. In four cats, abnormalities appeared after the infusion of 20 to 30 /xg./Kg. Representative changes are shown in figure 6 . Figure  6A 
Figure 5 The effect of ryanodine on digitalis-induced arrhythmias in the cat. See text for details. (A) Control. (B) S-T segment elevation, frequently seen after digitalis in the cat. (C) A-V dissociation, probably complete block; arrow heads indicate P waves. (D) Ventricular tachycardia. (E) Ventricular foci abolished after ryanodine; nodal focus, independent of P waves (arrow heads). (F) Nodal focus icithout evidence of sinus node activity. (G) Lead II tracing from another digitalis-intoxicated cat showing ventricular tachycardia. (H) The sanne after ryanodine: slow nodal focus without evidence of ventricular irritability.
ings are lead III electrocardiograms taken at 2:00 and 2:11 after a total of 20 fig./Kg. of ryanodine. Figure 6B shows a sinus rate of 187. In the tracing of figure 6C there is an absence of P waves, and a nodal rhythm (rate 200). Figure 6D , taken at 2:15, shows the reappearance of sinus rhythm (rate 176) with occasional nodal premature beats (arrows) and subsequent dominance by the nodal focus (rate 200). Such nodal foci appeared in all four of the cats exhibiting abnormalities of rhythm with administration of ryanodine. Sinus arrest with escape was seen in two of these cats. The electrocardiograms of the other five cats showed no disturbances of rhythm during ryanodine infusions that were continued until doses ranging from 40 to 85 fig./Kg. were reached. A typical tracing showing no effect of ryanodine is shown in figures 6E and 6F. Figure 6E is the control, and figure 6F shows no significant change in rhythm after 70 /j.g./Kg. of ryanodine.
Fatal doses of digitoxin were administered to five ryanodine-treated eats. The addition of digitoxin resulted in the appearance of sinus arrest, but no ventricular tachycardia. A typical result is shown in figures 6G and Figure 6 Effect of ryanodine on the nondigitalieed cat heart. See text.
6H, taken from a ryanodine-treated cat. Figure 6G was obtained 30 minutes after the intravenous infusion of 1.3 times the fatal dose of digitoxin and shows sinus bradycardia (rate 60). Figure 6H , taken 12 minutes later, shows the further development of the digitoxin effect in the ryanodine-treated cat. There is a very slow nodal rhythm (rate 20) with no sign of atrial activity.
Ryanodine has been shown to abolish the action of digitalis on the contractility of isolated rat ventricle strips and to reverse the ventricular irritability of digitalis intoxication in intact anmals. It is evident from the foregoing results, however, that ryanodine does not generally restore the cardiac rhythm in digitalis intoxication to normal. Although transient periods of sinus rhythm have been observed following ryanodine administration to digitalis-poisoned animals, the final result is usually depression of sino-atrial activity and a slow ectopic rhythm with a QRS configuration suggesting a nodal focus. Digitalis alone may cause sinus slowing or sinus arrest, and it has been demonstrated that ryanodine alone may do likewise. Therefore, it was thought that these two drugs, antagonistic with respect to their actions on ventricular muscle, might act synergistically by vagal stimulation to depress the sinus. Accordingly, the effect of atropine was studied on five cats. In two animals, digitalis alone caused intermittent sinus arrest with an ectopic supraventrieular escape focus. The intravenous infusion of atropine to these animals caused reversal to a regular sinus rhythm. The three other animals received ryanodine followed by fatal doses of digitoxin and exhibited a slow nodal rhythm with absence or marked slowing of atrial activity. In one of these animals, atropine increased the rate of the nodal focus, but despite evidence of sinus activity regular rhythm was not restored. In the other two animals, atropine reestablished a normal sinus rhythm, as demonstrated in figure 7 . Figure 7A is a lead II electrocardiogram from a cat treated with digitalis and ryanodine, taken before development of A-V dissociation. In figure 7B can be seen the slow nodal rhythm (rate 80) which appeared subsequently. Figure 7C was taken 30 seconds later, after the intravenous infusion of atropine, and shows the restoration of sinus rhythm (rate 150). Another example is shown in the subsequent tracings. Figure 7D is the control. Figure 7E shows the effect of digitalis and ryanodine, with slow nodal and sinus foci (nodal rate 68, sinus rate 43). Figure  7F was taken 30 seconds later after the infusion of atropine and demonstrates the immediate effect of the drug. Figure 7G was taken four minutes later and is comparable to the control. Discussion It has been known for many years that prolonged perfusion of isolated hearts in physiological saline leads to a hypodynamic state which can be reversed by the addition of digitalis. These facts have led to the postulate that the diminution of contractility on prolonged perfusion is the result of a slow removal of a digitalis-like substance from the surface of the heart. 8 The studies reported in this paper demonstrate that the depression of the tension-frequency curve which occurs gradually over a period of three to five hours with prolonged washing can be accomplished by the addition of ryanodine within 15 minutes. Ryanodine might act on the heart, therefore, by displacing a naturally occurring glycoside-like material from its site on the cardiac muscle cell membrane.
If it is accepted that digitalis, or its naturally occurring counterpart, acts by inhibiting cellular potassium transport, the displacement of such a substance by ryanodine might be expected to increase the rate of cellular potassium transport. The reversal of the ryanodine effect in a potassium-free medium is consistent with this viewpoint.* The failure of even high concentrations of digitalis to affect a tissue previously exposed to ryanodine and the complete reversal of digitalis action by the addition of ryanodine to a digitalis-treated tissue support the idea that ryanodine acts by displacing digitalis from its normal cellular site of action.
The in vivo experiments reported in this paper show that ryanodine can prevent or reverse the development of digitalis-induced ventricular arrhythmias. However, the depression of sinus node activity by digitalis is not prevented by ryanodine and, in fact, may be enhanced. The sinus node depression in the presence of the two drugs can be reversed by atropine, which suggests that the apparently synergistie action of digitalis and ryanodine on the excitability of sinus tissue is caused by vagal stimulation. Studies on vagotomized animals are needed to confirm this.
Several aspects of ryanodine action encourage further investigation of the drug as a specific agent for the reversal of digitalisinduced ventricular arrhythmias. In the case of the in vitro rat right ventricle, the •However, the possibility of glycoside-ryanodine antagonism at the ionie level has received no support in preliminary experiments on another tissue. During the preparation of this manuscript, Dr. J. P. Hoffman of the National Heart Institute found that ryanodine did not reverse the ouabain-induced inhibition of sodium outflux from red blood cells. depression of myocardial contractility by small concentrations of ryanodine is observed at low but not at high frequencies of stimulation. If the same relationships hold in vivo, it is possible that ryanodine might not have any significant effect on contractility in the dosage required to reverse ventricular tachycardia. The frequency-dependence also emphasizes the importance of using atropine to reverse slowing of the cardiac rate, should it occur. The amounts of ryanodine needed to reverse ventricular arrhythmias in the experiments reported were approximately 10 fig./Kg. This compares favorably with the results of acute intravenous administration of the drug to dogs, which caused 100 per cent mortality at 90 /xg./Kg., but no mortality at 50 jug./Kg. 4 It was also noted in the present studies that very large doses of the drug could be given intravenously, provided that the administration was at a slow rate. This suggests that most of the drug is rapidly cleared from the circulation, and that a fraction of the total reaches the heart, without danger of further subsequent accumulation.
Summary
The relationship between stimulation frequency and twitch tension was determined for isolated strips of rat right ventricle. Prolonged perfusion of the tissue in physiological saline solution results in diminished twitch tension at low rates of stimulation without alteration of contractility at high stimulation frequency. These changes, which develop over a period of several hours of perfusion, can be induced within 15 minutes by the addition of ryanodine.
The addition of strophanthidin restores the twitch tension-frequency relationship of the long-perfused rat ventricle to normal. However strophanthidin has no effect on the impaired contractility of ryanodine treated ventricle ; and, conversely, the addition of ryanodine to digitalized ventricle abolishes the action of the glycoside. The effects of ryanodine can be reversed by perfusing the muscle in a solution which is deficient in either sodium or potassium.
Because of the opposing actions of ryanodine and the cardiac glycosides, the effect of ryanodine was studied in anesthetized animals with digitoxin-induced cardiac arrhythmias. The intravenous infusion of ryanodine rapidly abolishes the ventricular arrhythmias characteristic of digitalis toxicity. However, the presence of both digitoxin and ryanodine is frequently associated with depression of sinus node activity, and the cardiac cycle is initiated by another focus, probably nodal. The effect on the sinus node may be mediated by the vagus, through a synergistic action of the two drugs, since normal sinus rhythm can be restored by the administration of atropine.
